Advances in very large-scale integration and recent work in the field o f bandwidth efficient digital modulatlon techniques have combined to make digital video processing technically feasible and potentially cost COF petitive for broadcast quality television transmission. A hardware implementation has been developed for a DPCM-based digital television bandwidth compression algorithm which processes standard NTSC composite color television signals and produces broadcast quality video in real time at an average of 1.8 bitslpixel. compression algorithm and the hardware implementation of the codec, and provides performance results. 
Introduction
Transmission o f television signals in a digital format has been looked upon with promise for a number o f years. Digital systems providing teleconferencing quality video have become common place in both government and industry. However, digital transmission of high-qual i ty (to1 1 grade or broadcast quality) television signals has yet to achieve anything close to the same kind of acceptance. This has been due in part t o the broadcasters' reluctance to have processing of any kind performed on the transmitted signals. extent, digital transmission of broadcast quality video has failed to gain acceptance because it has not been cost effective to d o so. The lack of available wideband digital links as well as the complexity o f implementation o f bandwidth efficient digital video CODEC's (encoderldecoder) has worked to keep the cost of digital television transmission too high to compete with analog methods.
Advances in very large-scale integration (VLSI) as well as recent work in the field of advanced digital modulation techniques have combined t o make digital video processing technically feasible and potentially cost competitive for broadcast quality television transmission. The coupling of a transparent, bandwidth efficient data compression technique with a bandwidth efficient modulation technique offer the potential for transmission of two (or more) high-quality television But to a greater signals in the same bandwidth occupied by a single frequency modulated television signal. This paper presents the hardware implementation of a digital television bandwidth compression algorithm which processes standard NTSC (National Television Systems Committee) composite color television signals and produces broadcast quality video in real time at an average of 1.8 bitslpixel. element, represents each piece of sampled data. The sampling rate used with this algorithm results in 768 samples over the active portion of each video line by 512 active video lines per video frame.) The algorithm i s based on differential pulse code modulation (DPCM), but additionally uti lites a nonadaptive predictor, nonuniform quantizer and multilevel Huffman coder to reduce the data rate substantially below that achievable with straight DPCM. level Huffman coder combine to set this technique apart from prior-art DPCM encoding algorithms. Section 111 below will provide the details of the compression algorithm while sections IV and V discuss the hardware implementation and performance results, respectively.
(A pixel, or picture
The nonadaptive predictor and multt-
Data Compression Algorithm
Differential pulse code modulation has historically been one of the most popular predictive image coding methods studied, due to its simplicity o f implementation and overall subjective performance characteristics. The fault o f DPCM schemes in the past have been that 3 t o 4 bitslpixel were required t o achieve acceptable image quality. with 4 bitslpixel generally preferred to maintain a broadcast quality picture representation. tem presented here combines the simplicity of the basic DPCM approach wi th several performance enhancements t o achieve broadcast quality images at an average 1.8 bitslpixel. t h e same p i x e l f r o m two l i n e s p r e v i o u s i n t h e same f i e l d . These n e i g h b o r i n g p i x e l s have t h e same c o l o r s u b c a r r i e r phasing as t h e c u r r e n t p i x e l and w i l l t h e r e f o r e be h i g h l y c o r r e l a t e d . The two p i x e l values a r e averaged t o produce t h e p r e d i c t i o n of t h e c u r r e n t p i x e l v a l u e . A t t h i s p o i n t t h e algor i t h m d i f f e r s f r o m standard DPCM. where t h e pred i c t e d v a l u e would s i m p l y be s u b t r a c t e d from t h e c u r r e n t p i x e l v a l u e t o o b t a i n a d i f f e r e n c e v a l u e t o be q u a n t i z e d . F i g u r e 1 shows a "nonadaptive p r e d i c t o r " ( N A P ) v a l u e b e i n g s u b t r a c t e d from t h e c u r r e n t p i x e l v a l u e a l o n g w i t h t h e p r e d i c t e d v a l u e , P V . f u n c t i o n of t h e NAP i s to f u r t h e r improve t h e p r e d i c t i o n o f t h e c u r r e n t p i x e l .
The
The nonadaptive
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e n t p i x e l v a l u e (PIX -P V ) . The s u b t r a c t i o n o f t h e NAP value from P I X -PV causes t h e r e s u l ti n g d i f f e r e n c e (DIF) value t o be c l o s e t o zero. The s m a l l e r t h e DIF, t h e more e f f i c i e n t l y t h e quant i z e d p i x e l i n f o r m a t i o n can be t r a n s m i t t e d due to t h e use o f Huffman c o d i n g p r i o r t o t r a n s m i s s i o n o v e r t h e channel. (Huffman coding assigns v a r i ab l e l e n g t h codewords based upon p r o b a b i l i t y of occurrence. The a p p l i c a t i o n o f Huffman c o d i n g t o t h i s a l g o r i t h m w i l l be discussed l a t e r . )
The development of t h e nonadaptive p r e d i c t o r was p r e d i c a t e d on t h e l i k e l i h o o d t h a t t h e d i f f e rence values o f a d j a c e n t p i x e l s a r e similar= d i f f e r e n c e between t h e c u r r e n t p i x e l v a l u e and i t s p r e d i c t i o n , PV, i s e s t i m a t e d and s u b t r a c t e d o f f by way o f t h e NAP p r i o r t o q u a n t i z t i o n . The e s t i m a t e i s s i m p l y based on t h e v a l u e o f DIF f o r t h e p r e v ious p i x e l . The NAP i s nonadaptive because t h e e s t i m a t e s a r e p r e s t o r e d and do n o t change w i t h d i ff e r i n g p i c t u r e c o n t e n t . were generated from s t a t i s t i c s o f numerous t e l e v is i o n images c o v e r i n g a wide range of p i c t u r e c o n t e n t . f e r e n c e values c a l c u l a t e d w i t h i n t h e boundaries o f t h e d i f f e r e n c e values for each q u a n t i z a t i o n l e v e l . Table I shows t h e NAP values corresponding to each q u a n t i z a t i o n l e v e l . values i n Table I ; i f t h e d i f f e r e n c e v a l u e (DIF) f o r t h e p r e v i o u s p i x e l was 40, corresponding t o q u a n t i z a t i o n l e v e l 11, t h e value o f NAP to be subt r a c t e d o f f from t h e c u r r e n t p i x e l d i f f e r e n c e would be 38. To r e c o n s t r u c t t h e p i x e l , t h e decoder uses a lookup t a b l e to add back i n the a p p r o p r i a t e NAP v a l u e based upon knowledge o f t h e q u a n t i z a t i o n l e v e l from t h e p r e v i o u s l y decoded p i x e l . The use o f t h e NAP r e s u l t s i n f a s t e r convergence a t t r a n s it i o n p o i n t s i n t h e image, thereby improving edge d e t e c t i o n performance. reduces t h e t o t a l d a t a requirements by i n c r e a s i n g t h e percentage o f p i x e l s i n q u a n t i z a t i o n l e v e l 7 , which i s assigned t h e s h o r t e s t codeword l e n g t h by t h e Huffman c o d i n g process. 
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The q u a n t i z e r shown i n F i g . 1 has 13 l e v e l s . Each l e v e l has a q u a n t i z a Table I . The q u a n t i z e r i s nonuniform so t h a t more l e v e l s a r e p r o v i d e d f o r small magnitude d i f f e rences which would r e s u l t from s u b t l e changes i n p i c t u r e c o n t e n t . The human eye i s s e n s i t i v e t o small v a r i a t i o n s i n smooth r e g i o n s o f an image and can t o l e r a t e l a r g e r v a r i a t i o n s near t r a n s i t i o n boundaries where l a r g e d i f f e r e n c e values a r e more l i k e l y t o o c c u r . The nonadaptive p r e d i c t o r discussed p r e v i o u s l y , a c t s t o reduce the d i f f e r e n c e v a l u e s thus improving image q u a l i t y by r e d u c i n g t h e q u a n t i z a t i o n e r r o r . T h i s i s because t h e nonuniform q u a n t i z e r r e s u l t s i n lower q u a n t i z a t i o n e r r o r for small magnitude d i f f e r e n c e s than f o r l a r g e magnitude d i f f e r e n c e s . The number of q u a n t i z a t i o n l e v e l s , t h e corresponding d i f f e r e n c e v a l u e ranges, and t h e s p e c i f i c q u a n t l z a t i o n v a l u e s shown i n Table I were e x p e r l m e n t a l l y d e r i v e d through s u b j e c t i v e evaluat i o n of sample images processed by computer simulat i o n of t h e encoding a l g o r i t h m .
The f i n a l major aspect o f t h e encoding algor i t h m i s t h e m u l t i l e v e l Huffman c o d i n g process. Huffman c o d i n g o f t h e q u a n t i z e d d a t a a l l o w s s h o r t e r codewords t o be assigned t o q u a n t i z e d p i x e l s having t h e h i g h e s t p r o b a b i l i t y o f occurrence. s e t o f Huffman codes has been generated for each of t h e 13 q u a n t i z a t i o n l e v e l s . The m a t r i x of code s e t s i s used t o reduce t h e number o f d a t a b i t s r e q u i r e d to t r a n s m i t a g i v e n p i x e l . The p a r t i c u l a r Huffman code s e t used f o r a g i v e n q u a n t i z e d p i x e l i s determined by t h e q u a n t i z a t i o n l e v e l o f t h e prev i o u s p i x e l ( i . e . , i f t h e d i f f e r e n c e v a l u e f o r t h e p r e v i o u s p i x e l r e s u l t e d i n q u a n t
i z a t i o n l e v e l 4 b e i n g s e l e c t e d f o r t h a t p i x e l , then t h e Huffman code s e t s e l e c t e d f o r t h e c u r r e n t p i x e l would be code s e t 4, corresponding to t h e p r o b a b i l i t y of occurrence o f p i x e l s f a l l i n g i n t o the f o u r t h quant i z a t i o n l e v e l ) .
A separate As w i t h t h e NAP, t h e Huffman code t r e e s were generated by c o m p i l i n g s t a t i s t i c a l d a t a from numerous images c o v e r i n g a broad range o f p i c t u r e cont e n t . f o r each o f t h e 13 q u a n t l z a t i o n l e v e l s as a funct i o n o f t h e q u a n t i z a t i o n l e v e l o f t h e p r e v i o u s p i x e l . a t e d based on t h e p r o b a b i l i t y d a t a o f " c u r r e n t " p i x e l s f a l l i n g i n t o each of t h e 13 q u a n t i z a t i o n l e v e l s o f t h e " p r e v i o u s " p i x e l s . There i s a tendency f o r n e i g h b o r i n g p i x e l s t o f a l l i n t o t h e same or c l o s e to t h e same q u a n t i z a t i o n l e v e l . By recogn i z i n g and t a k i n g advantage o f t h i s f a c t , t h e use o f t h e m u l t i l e v e l Huffman code sets p r o v i d e s s i gn i f i c a n t r e d u c t i o n s i n b i t s p e r p i x e l over a s i n g l e Huffman code t r e e because they a l l o w n e a r l y a l l p i x e l s to be r e p r e s e n t e d by s h o r t l e n g t h codewords.
Probabi 1 i t y o f occurrence d a t a was compi l e d
A separate Huffman code s e t was then gener-I V . Hardware Implementation The c o n f i g u r a t i o n o f t h e d a t a compression hardware i s shown i n F i g . 1 . The NTSC f o r m a t v i d e o s i g n a l i s d i g i t i z e d by sampling w i t h an analog-tod i g i t a l (A/D) c o n v e r t e r a t a r a t e o f f o u r times t h e c o l o r s u b c a r r i e r frequency ( a p p r o x i m a t e l y 14.32 MHz). The A/D c o n v e r t e r has an 8 -b i t r e s o l u t i o n a l l o w i n g each sample, c a l l e d a p i x e l , to be r e p r e s e n t e d by one o f 256 d i g i t a l l e v e l s . The 8 -b i t p i x e l s are i n p u t t o the encoder a t t h e 14.32 MHz r a t e . The encoder compresses t h e v i d e o d a t a and s e r i a l l y t r a n s m i t s a compressed r e p r e s e n t a t i o n of t h e d a t a o v e r a channel a t a r a t e o f a p p r o x i m a t e l y 25 Mbps (megabits/sec) t o t h e decoder. d a t a and r e c o n s t r u c t s a f a c s i m i l e o f t h e o r i g i n a l v i d e o d a t a . c o n v e r t e d back t o an a n a l o g v i d e o s i g n a l u s i n g a d i g i t a l -t o -a n a l o g (D/A) c o n v e r t e r . For t h i s implem e n t a t i o n , the e n t i r e v i d e o s i g n a l i n c l u d i n g t h e h o r i z o n t a l and v e r t i c a l s y n c h r o n i z a t i o n p u l s e s , t h e c o l o r b u r s t , and t h e a c t i v e v i d e o i s sampled and compressed. I n f u t u r e implementations, a l l b u t t h e a c t i v e v i d e o p a r t o f t h e s i g n a l w i l l be removed by t h e encoder and t h e decoder w i l l recons t r u c t these
e l s , compresses t h e image, and c o n v e r t s t h e r e s u l t a n t d a t a t o a s e r i a l b i t stream. The 2 -l i n e d e l a y i s implemented u s i n g a random access memory (RAM) which i s addressed by a counter t h a t r e c y c l e s every two l i n e s .
The d i f f e r e n t i a l p u l s e code m o d u l a t i o n c i r c u i t
o u t p u t r e g i s t e r o f t h e 2 -l i n e d e l a y i s zeroed.
For every l i n e t h e r e a f t e r , t h e p i x e l v a l u e of two l i n e s p r e v i o u s i s read o u t o f the RAM and then the new r e c o n s t r u c t e d p i x e l (RP) v a l u e i s w r i t t e n i n t o t h e same memory l o c a t i o n . Then the address counter i s incremented t o t h e n e x t memory l o c a t i o n f o r the n e x t p i x e l p r e d i c t i o n . d e l a y a r e added t o g e t h e r u s i n g two cascaded 4 -b i t f u l l adders, The divide-by-two f u n c t i o n i s performed by d r o p p i n g t h e a d d e r ' s l e a s t s i g n i f i c a n t o u t p u t b i t and u s i n g t h e c a r r y -o u t s i g n a l as t h e most s i g n i f i c a n t b i t . r i g h t w i t h c a r r y " o f t h e adder o u t p u t s . first two l i n e s o f each f i e l
d , t h e DPCM p r e d i c t i o n c i r c u i t uses o n l y t h e 4 t h p r e v i o u s p i x e l on t h e c u r r e n t l i n e t o p r e d i c t t h e c u r r e n t p i x e l v a l u e . I n t h i s case, t h e 2 -l i n e d e l a y i n p u t t o the adder i s zeroed and t h e d i v i d e -b y -t w o c i r c u i t i s by-passed u s i n g a m u l t i p l e x e r . t i v e p r e d i c t i o n (NAP) v a l u e are s u b t r a c t e d (subt r a c t i o n s a r e performed as two's complement a d d i t i o n s ) from t h e o r i g i n a l p i x e l v a l u e r e s u l t i n g i n a d i f f e r e n c e v a l u e ( D I F = P I X -PV -NAP). These d i f f e r e n c e values a r e then grouped i n t o quant i z a t i o n l e v e l s (QL), c r e a t e d from a look-up t a b l e Implemented i n programmable read-only memory (PROM) u s i n g t h e d i f f e r e n c e ( D I F ) v a l u e as t h e address. The q u a n t i z a t i o n l e v e l s a r e delayed by one p i x e lt i m e and used t o address another PROM look-up t a b l e t o c r e a t e t h e nonadaptive p r e d i c t i o n (NAP). The nonadaptive p r e d i c t o r e s t i m a t e s t h e c u r r e n t DPCM d i f f e r e n c e v a l u e (PIX -PV) from the d i f f e r e n c e v a l u e o f t h e immediately p r e v i o u s p i x e l .

The q u a n t i z a t i o n v a l u e (QV), an e s t i m a t i o n o f t h e D I F , i s c r e a t e d f r o m another PROM look-up t a b l e . I n t h i s case, t h e q u a n t i z a t i o n l e v e l i s used t o address t h e memory l o c a t i o n s which c o n t a i n t h e q u a n t i z a t i o n v a l u e s .
The two-dimensional Huffman codes are c r e a t e d by y e t another PROM look-up t a b l e . q u a n t i z a t i o n l e v e l (QL) and t h e immediately p r e v ious q u a n t i z a t i o n l e v e l (QLn-1) address a PROM which c o n t a i n s , a t each l o c a t i o n , a 1 t o 1 2 -b i t Huffman
The o u t p u t s o f t h e 2 -l i n e d e l a y and the 4 -p i x e l This i s t h e same as a " s h i f t D u r i n g t h e
The DPCM p r e d i c t e d v a l u e ( P V ) and t h e nonadap-
The c u r r e n t 
code and a 4 -b i t code which s p e c i f y t h e l e n g t h o f t h e Huffman code. The o u t p u t s o f t h e Huffman encoder a r e m u l t ip l e x e d w i t h t h e first f o u r p i x e l s o f e v e r y l i n e so t h a t t h e DPCM c i r c u i t has a v a l i d s t a r t i n g p o i n t . The o u t p u t o f t h i s m u l t i p l e x e r i s i n p u t i n t o a bank o f f i r s t -i n , f i r s t -o u t (FIFO) memories. F o r t y FIFO i n t e g r a t e d c i r c u i t s a r e c o n f i g u r e d w i t h expanded w i d t h and depth t o a c h i e v e a bank o f FIFO memory
18 b i t s wide and 72 K deep. The FIFOs a r e necess a r y to compensate for t h e v a r i a b l e l e n g t h s o f t h e Huffman codes and t h e d i f f e r e n c e s between the FIFO i n p u t frequency and t h e FIFO o u t p u t frequency. On t h e i n p u t -s i d e o f t h e FIFO's, t h e d a t a i s w r i t t e n p e r i o d i c a l l y a t t h e p i x e l r a t e o f 14.32 MHz. On t h e o u t p u t s i d e o f t h e FIFO's, d a t a i s r e a d o u t a t a v a r i a b l e r a t e depending on t h e l e n g t h of t h e Huffman codes and t h e frequency o f t h e s e r i a l d a t a .
S i x t e e n o f t h e FIFO's b i t s a r e d a t a ( e i t h e r a c t u a l p i x e l values for t h e f i r s t f o u r p i x e l s o f each l i n e or Huffman codes) and l e n g t h o f d a t a .
The o t h e r two b i t s a r e used t o pass l i n e and f i e l d f l a g s , i n d i c a t i n g t h e s t a r t o f each l i n e and each f i e l d . The l i n e and f i e l d f l a g s a r e used f o r i n s e r t i o n o f unique words i n t o t h e d a t a .
f i e l d and l i n e t i m i n g a t t h e decoder. Due t h e vari a b l e l e n g t h n a t u r e o f t h e Huffman codes, channel b i t e r r o r s can o f t e n r e s u l t i n improper d e t e c t i o n o f t h e codes by t h e decoder. Unique words a l l o w t h e l i n e and f i e l d t i m i n g t o g e t back on t r a c k i n t h e event o f b i t e r r o r s , t o m i n i m i z e t h e impact t o t h e q u a l i t y o f t h e r e c o n s t r u c t e d v i d e o images. D i f f e r e n t unique word v a l u e s a r e used f o r l i n e s and f i e l d s so t h e y can be d e t e c t e d s e p a r a t e l y . I n b o t h cases, unique words were chosen t o a v o i d dupl i c a t i o n by v a l i d Huffman codes.
unique words a r e c u r r e n t l y used; however, t h e hardware was f l e x i b l y designed so t h a t t h e unique word c o n t e n t and l e n g t h can be changed i f necessary.
The l i n e and f i e l d f l a g s a t t h e FIFO o u t p u t s a r e m o n i t o r e d t o a l l o w i n s e r t i o n o f t h e unique words a t t h e p r o p e r p o s i t i o n w i t h i n t h e data. When a l i n e or f i e l d f l a g i s d e t e c t e d , FIFO reads a r e stopped t o a l l o w t i m e f o r t h e unique words t o be m u l t i p l e x e d w i t h i n t h e d a t a (see F i g . 4 ) . L i k e t h e Huffman codes, t h e unique words must c o n t a i n a 4 -b i t code i n d i c a t i n g t h e l e n g t h of t h e unique words. The unique words a r e d i v i d e d i n t o two 8 -b i t s e c t i o n s each accompanied by a l e n g t h code.
i n s e r t i o n o f t h e unique word, t h e FIFO reads a r e r e a c t i v a t e d . a l l e l f o r m a t t o a s e r i a l f o r m a t f o r t r a n s m i s s i o n o v e r a channel. Because l e n g t h s o f t h e Huffman codes v a r y , a v a r i a b l e l e n g t h p a r a l l e l -t o -s e r i a l c o n v e r t e r must be used. The p a r a l l e l -t o -s e r i a l c o n v e r t e r (shown i n F i g . 4) c o n s i s t s of a 1 2 -b i t p a r a l l e l l o a d s h i f t r e g i s t e r and a c o u n t e r . The Huffman codes a r e loaded i n t o t h e s h i f t r e g i s t e r and t h e 4 -b i t l e n g t h o f t h e Huffman code i s loaded i n t o t h e c o u n t e r . The c o u n t e r counts down as t h e s h i f t r e g i s t e r s h i f t s o u t t h e d a t a i n t o a s e r i a l b i t stream. When t h e c o u n t e r reaches z e r o t h e Unique words a r e necessary t o m a i n t a i n p r o p e r S i x t e e n -b i t A f t e r Next. t h e d a t a must be c o n v e r t e d from t h e par-
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s h i f t s s memory. loaded w r e p e a t s . Decoder The t h a t t h e op and a new code i s r e a d from t h e FIFO Then t h e s h i f t r e g i s t e r and c o u n t e r a r e t
h new values and t h e s h i f t i n g process
decoder c i r c u i t r e c e i v e s t h e s e r i a l d a t a encoder t r a n s m i t t e d and r e c o n s t r u c t s a r e p r e s e n t a t i o n o f t h e o r i g i n a l 8 -b i t p i x e l s , and u s i n g a d i g i t a l -t o -a n a l o g (D/ 
The Huffman decoder r e c e i v e s t h e d a t a i n a s e r i a l f o r m a t from t h e o u t p u t o f a 1 6 -b i t s h i f t r e g i s t e r t h a t p a r a l l e l s t h e unique word d e t e c t c i rc u i t s . When unique words a r e d e t e c t e d , t h e Huffman decoder i s d i s a b l e d w h i l e t h e unique word i s purged f r o m t h e s h i f t r e g i s t e r t o a v o i d Huffman decoding o f unique words.
as a t r e e search i n memory. The address t o t h e Huffman decoder PROM i s i n i t i a l l y s e t t o z e r o ( t o p node o f t h e Huffman code t r e e ) . The c o n t e n t o f each memory l o c a t i o n c o n s i s t s o f t h e n e x t two poss i b l e addresses to t h e memory d e n o t i n g t h e n e x t two t r e e branches. As each s e r i a l b i t i s r e c e i v e d , i t i s used b y a m u l t i p l e x e r t o s e l e c t t h e n e x t memo r y address. A s e r i a l "one" s e l e c t s one address (branch) and a s e r i a l "zero" s e l e c t s t h e o t h e r address (branch). The new address (new t r e e node) a l s o c o n t a i n s t h e n e x t two p o s s i b l e t r e e branches based upon t h e n e x t r e c e i v e d s e r i a l b i t . The t r e e search c o n t i n u e s i n t h i s manner u n t i l t h e l e a s t s i g n i f i c a n t o u t p u t b i t o f t h e memory i s h i g h , i n d ic a t i n g t h e end o f a v a l i d Huffman code. A t t h i s p o i n t , t h e o t h e r memory o u t p u t b i t s c o n t a i n t h e c o r r e c t q u a n t i z a t i o n v a l u e CQV) and q u a n t i z a t i o n l e v e l (QL) f o r t h e r e c e i v e d Huffman code. The PROM address i s then r e s e t t o z e r o ( t h e t o p node of t h e t r e e ) and t h e decoding process c o n t i n u e s .
As t h e Huffman codes a r e d e t e c t e d , t h e r e s u l ta n t q u a n t i z a t i o n l e v e l s and v a l u e s a r e w r i t t e n i n t o FIFO's. These FIFO's, l i k e i n t h e encoder, a r e The Huffman decoder ( F i g . 6) i s implemented r e q u i r e d t o absorb t h e d i f f e r e n c e s i n t h e v a r i a b l e l e n g t h Huffman codes and t h e p i x e l r a t e a t t h e o u tp u t of t h e decoder c i r c u i t .
t h e unique word d e t e c t s and t h e l i n e and f i e l d c o u n t e r s , t h e F I F O w r i t e s and reads a r e c o n t r o l l e d t o compensate for s y n c h r o n i z a t i o n problems c r e a t e d by improper Huffman decoding due t o b i t e r r o r s .
The FIFO o u t p u t s , q u a n t l z a t l o n l e v e l s and q u a n t t z a t i o n values, a r e used t o r e c o n s t r u c t t h e o r i g i n a l v i d e o image. The q u a n t i z a t i o n l e v e l i s I n c o n j u n c t i o n w i t h delayed by one p i x e l -t i m e and used by a PROM look-up t a b l e t o c r e a t e t h e nonadaptive p r e d i c t i o n ( N A P ) .
The q u a n t i z a t i o n v a l u e (QV) i s added to the nonadaptive p r e d i c t i o n (NAP) v a l u e and t h e DPCM p r e d i c t i o n v a l u e ( P V ) t o c r e a t e t h e r e c o n s t r u c t e d p i x e l values ( R P ) . The decoder DPCM c i r c u i t implem e n t a t i o n i s i d e n t i c a l t o t h e encoder DPCM c i r c u i t . The RP values a r e i n p u t to a D/A c o n v e r t e r which c o n v e r t s the r e c o n s t r u c t p i x e l values t o an analog v i d e o s i g n a l . V . Performance R e s u l t s Table I 1 p r o v i d e s r e s u l t s o f computer simulat i o n o f t h e encoding a l g o r i t h m d e s c r i b e d i n t h i s paper. The p i c t u r e c o n t e n t across the images i s r e p r e s e n t a t i v e o f t h e broad range o f m a t e r i a l which makes up t y p i c a l t e l e v i s i o n v i e w i n g . The r e s u l t s show t h e v a r i a b i l i t y o f compression w i t h c o m p l e x i t y o f p i c t u r e c o n t e n t . Standard c o l o r bars, c o n t a i ni n g c o n s i d e r a b l e redundancy, can be processed v e r y e f f i c i e n t l y a t 1.347 b i t s / p i x e l . The Beach scene, one of t h e SMPTE c o l o r r e f e r e n c e s u b j e c t i v e t e s t i n g s l i d e s , r e q u i r e s 2.228 b i t s l p i x e l ; an i n d i c a t i o n of t h e complex n a t u r e o f t h e scene. The o t h e r images f a l l somewhere between these bounds, w i t h an average across a l l scenes o f 1.822 b i t s / p i x e l . F i g u r e 7 shows o r i g i n a l and r e c o n s t r u c t e d images.
The r e c o n s t r u c t e d image q u a l i t y i n a l l cases i s e x c e l l e n t -r e c o n s t r u c t e d images a r e i n d i s t i ng u i s h a b l e from t h e 8 b i t s / p i x e l d i g i t i z e d o r i g in a l s . A two channel v i d e o frame s t o r a g e u n i t was used i n t h e comparison o f o r i g i n a l versus p r o cessed images. This p r o v i d e d a means f o r v e r y c r i ti c a l comparative t e s t i n g , s i n c e side-by-side as w e l l as switched comparisons were p o s s i b l e . I n t e rframe motion i s n o t degraded by t h e p r o c e s s i n g s i n c e the a l g o r i t h m i s an i n t r a f i e l d c o d i n g process. Motion sequences o f " r e a l -t i m e " v i d e o were processed on a frame-by-frame b a s i s and p i e c e d t o g e t h e r u s i n g a type "C" 1 -i n . broadcast v i d e o tape r e c o r d e r w i t h a n i m a t i o n e d i t i n g c a p a b i l i t i e s . No motion a r t i f a c t s were p r e s e n t i n the r e c o n s t r u ct e d sequence as expected. p r e s s i o n a l g o r i t h m i s r e l a t i v e l y s t r a i g h t f o r w a r d and can be e a s i l y implemented i n V L S I f o r performance improvement, s i z e r e d u c t i o n and c o s t e f f e ct i v e n e s s . Combining t h e d a t a compression hardware w i t h a bandwidth e f f i c i e n t m o d u l a t i o n technique such as 8-PSK ( p r a c t i c a l bandwidth e f f i c i e n c y o f g r e a t e r than 2 b i t s / s e c / H z i n a power l i m i t e d system) w i l l enable two o r more broadcast q u a l i t y t e l e v i s i o n s i g n a l s t o be t r a n s m i t t e d through a s i ng l e C-band transponder, c r e a t i n g a s u b s t a n t i a l bandwidth improvement o v e r analog t e l e v i s i o n t r a n s m i s s i o n s . 
